Effective storage of harvested energy is essential for the widespread adoption of solar power. One proposed solution involves photochemical energy storage via isomerization reactions, whereby photochromic molecules are converted by solar radiation into metastable isomers with release of the stored energy achieved through either thermal, catalytic, electrochemical, or photochemical activation.^[@ref1]−[@ref5]^ This approach, known as a molecular solar thermal (MOST) system,^[@ref6]^ or solar thermal fuel system,^[@ref7]^ has the potential to integrate the capture and storage of energy in a single molecular system.

Several photochromic motifs have been proposed for MOST systems including (fulvalene) tetracarbonyldiruthenium,^[@ref8]−[@ref10]^ azobenzene,^[@ref11]−[@ref14]^ dihydroazulene,^[@ref15]−[@ref17]^ and arguably the most studied system, norbornadiene (NBD).^[@ref2],[@ref3],[@ref18]−[@ref27]^ NBD and its derivatives are appealing because of their high isomerization quantum yields for formation of the metastable quadricyclane (QC), low molecular weight, stability of the QC isomer over time, high fatigue resistance, and facile external triggering of the back-reaction from QC to NBD via thermal activation (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Photoinduced isomerization of norbornadiene (NBD) to quadricyclane (QC) derivatives and the thermal back conversion.](jz0c01198_0001){#fig1}

A significant problem with the NBD chromophore is that its absorption onset lies in the ultraviolet (\<300 nm), well away from the maximum of the solar radiation spectrum (590 nm). Although attempts have been made to shift the NBD absorption toward the maximum solar emission wavelength through derivatization, these changes compromise performance through the reduced half-life of the QC compound from 87 000 years at room temperature for unsubstituted QC^[@ref28]^ to a few seconds for red-shifted variants.^[@ref29]^ Recently, several approaches have increased the storage time of red-shifted QC molecules,^[@ref24],[@ref26],[@ref27]^ although their efficiency requires further improvement for the systems to be viable for long-term energy storage applications.

A better understanding of the structures, relative stabilities, and isomerization dynamics of NBD and QC compounds is essential for the rational design of efficient NBD--QC MOST systems. Reliable quantum chemical calculations, such as those performed on the NBD/QC chromophores,^[@ref30]−[@ref33]^ should help guide the design of efficient MOST systems. Using single-reference and multireference *ab initio* methods it has been shown that, for substituted NBD--QC systems, the relevant photochemistry and thermal chemistry probably occur on the singlet surface through a S~0~/S~1~ conical intersection.^[@ref31]^ Jorner and co-workers^[@ref24]^ have modeled the performance of NBD--QC MOST systems in solution with the aid of *ab initio* calculations, demonstrating that the quantum yield and thermal lifetime of QC derivatives increased with larger steric bulk at the C7 carbon (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). However, these improvements were achieved at the expense of the energy storage capacities of the NBD--QC systems. Quant et al.^[@ref34]^ have shown that solvent affects the absorption profile, kinetic stability, and photoisomerization dynamics of NBD--QC systems, emphasizing the challenges associated with benchmarking calculations for isolated molecules against experiments performed for molecules in solution.

In this work, we report gas-phase photochemical data for a charge-tagged NBD--QC system with photoisomerization of the NBD form to the QC form and back-conversion mediated by energetically controlled collisions with buffer gas. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} the target system is a charge-tagged NBD--QC molecule with a cyano group conjugated through the olefin to a charged benzoate group.^[@ref4]^ The cyano substituent shifts the absorption to longer wavelength, while the negatively charged carboxylate tag allows the photochemistry of the system to be probed in the gas phase with a sensitivity and specificity conferred by combining mass spectrometric techniques and laser excitation.

![Photoisomerization of NBD carboxylate to QC carboxylate and the thermally induced back reaction. λ~max~, Δ*E*~storage~, and Δ*E*~activation~ represent the maximum absorption wavelength, the storage energy of the NBD/QC system, and the activation energy for thermal back-reaction, respectively. Calculations used to determine the thermodynamic quantities are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01198/suppl_file/jz0c01198_si_001.pdf).](jz0c01198_0002){#fig2}

Interconversion of the NBD and QC carboxylates in the gas phase was investigated using a custom tandem ion mobility mass spectrometer (IMMS) shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and described in refs ([@ref35]−[@ref37]). Briefly, NBD anions (deprotonated at the carboxylic group) were electrosprayed from a 10^--5^ mol L^--1^ methanolic solution and introduced as packets of ions into a drift region, where they were propelled by an electric field (44 V cm^--1^) through N~2~ buffer gas (≈6 Torr pressure). The NBD and QC isomers were separated temporally and spatially in the drift region according to their collision cross sections with the buffer gas and arrived at the detector as separated ion packets. By measuring the ion signal as a function of arrival time, it was possible to generate an arrival time distribution (ATD), which displayed distinct peaks associated with the NBD and QC isomers. Separation of the NBD and QC isomers was enhanced by addition to the buffer gas of ≈1% propan-2-ol, a commonly used mobility modifier.^[@ref38],[@ref39]^

![Schematic view of the tandem ion mobility mass spectrometer (IMMS). Ions generated by electrospray ionization were collected by an ion funnel (IF1), before being launched as a pulse through an electrostatic ion gate (IG1) into the drift region where they were propelled through N~2~ buffer gas by an electric field of 44 V cm^--1^. In the drift region, the isomer ions separated according to their collision cross sections with N~2~ buffer gas. Target isomers were selected using an electrostatic ion gate (IG2), before being exposed to tunable light or energetic collisions in the slammer region. Resulting isomer ions passed through the second part of the drift region were collected by an ion funnel (IF2), before passing through an octopole ion guide and quadrupole mass filter and finally reaching a channeltron detector connected to a multichannel scaler.](jz0c01198_0003){#fig3}

For the gas-phase isomerization measurements, the IMMS was used in tandem mode, with a pulsed electrostatic ion gate situated midway along the drift region selecting the target isomer ions, which were excited immediately after the gate either by a 5 ns pulse of light from an optical parametric oscillator (OPO, EKSPLA NT342B) or through energetic collisions with buffer gas molecules in a short 3 mm collision zone (slammer) where the electric field could be varied.^[@ref37]^ Resulting isomers were separated in the second stage of the drift region. The photoisomerization measurements were run at 40 Hz with alternate ion packets exposed to the output of the pulsed OPO (operating at 20 Hz), so that laser-on and laser-off ATDs were recorded, the difference between which revealed the effect of light on the drifting ions. The light fluence was ≈0.2 (mJ/cm^2^)/pulse, with conversion of \<5% of the NBD to QC at the wavelength of maximum response (315 nm).

It is worth noting that the peak in the ATD for an isomer formed through photoexcitation or collisional activation between the two drift regions appears between the peaks for the original isomer and final isomer for an ATD recorded when both isomers passed through the entire drift region (first and second drift regions). This is because the ions drift through the first drift region as the original isomer and then through the second drift region as the isomer formed through excitation by light or collisions. If the first and second drift regions had the same length and applied electric field, the photoisomer peak would appear midway between the peaks for the two isomers if they had separated traveling through both drift regions. However, the second drift region is longer and includes an ion funnel (IF2) where the electric field is lower. Therefore, the ions travel for further as the product isomer than as the original isomer, displacing the peak from the midpoint.

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the ATD peak at 18.0 ms is assigned to the more stable NBD carboxylate isomer, whereas the peak at 18.3 ms, which appeared after the solution in the electrospray syringe was exposed to 315 nm light, is assigned to the less stable QC carboxylate isomer, which lies 25.8 kcal/mol higher in energy (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01198/suppl_file/jz0c01198_si_001.pdf) for calculation details). The relative intensities of the NBD and QC ATD peaks depended on the amplitude of the RF voltage driving the first ion funnel (IF1). High RF voltages, which promote energetic collisions, reduced the relative intensity of the QC peak, consistent with thermal QC → NBD conversion.

![(a) Arrival time distributions (ATDs) for the NBD--QC carboxylate system obtained using N~2~ buffer gas seeded with ≈1% propan-2-ol. ATDs are shown for a solution protected from light (black dotted trace) and after exposure of the solution to 315 nm light for low (blue dotted trace) and high (red solid trace) RF drive voltage to the first ion funnel (IF1). (b) Laser-off ATD (black dotted trace) and laser-on/laser-off difference ATD (blue solid trace) for NBD exposed to 315 nm light in the tandem IMMS. Note that the QC photoisomer peak in (b) appears between the NBD and QC peaks in (a), as the ions pass through the first drift region stage as NBD and the second drift region stage as QC (see text).](jz0c01198_0004){#fig4}

Exposing the drifting NBD carboxylate ions to light with a wavelength over the 290--350 nm range resulted in the appearance of a new ATD peak with an arrival time expected for QC carboxylate (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). This constitutes evidence that in the gas-phase NBD carboxylate can undergo a photoinduced \[2 + 2\] cycloaddition to its valence QC isomer. Loss of the NBD carboxylate is balanced by formation of the QC carboxylate, indicating that other loss mechanisms such as photodetachment and photodissociation play a minor role in the drift tube over this wavelength range. The absence of photodetachment, at least down to 315 nm, is perhaps surprising given that the calculated adiabatic electron affinities of NBD carboxylate and QC caboxylate are 3.84 and 3.70 eV, respectively (corresponding to wavelengths of 322 and 335 nm; [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In both cases, direct electron detachment is presumably not appreciable at the light fluences used (≈0.2 (mJ/cm^2^)/pulse). Furthermore, although electronically excited NBD ions that undergo rapid nonradiative decay may give NBD or QC ions with sufficient vibrational energy to undergo vibrational autodetachment, these ions are likely to be collisionally quenched in the drift region, where the collision rate is 10^8^--10^9^ s^--1^, before autodetachment can occur.

###### Comparison of the Experimental Absorption Onset (λ~onset~) and Band Maximum (λ~max~) with the Calculated Band Maximum (λ~calc~) and Adiabatic Electron Affinity (AEA)[a](#tbl1-fn1){ref-type="table-fn"}

               λ~onset~/nm   λ~max~/nm   λ~calc~/nm   AEA/eV
  ------------ ------------- ----------- ------------ --------
  NBD~(gas)~   355           315         317          3.84
  NBD~(sol)~   355           315         303           
  QC~(gas)~                              220          3.70
  QC~(sol)~    296           256         232           

Computational details can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01198/suppl_file/jz0c01198_si_001.pdf). Results are given for NBD and QC carboxylate in gas phase (gas) and in methanolic solution (sol).

The photoisomerization action (PISA) spectrum for the NBD carboxylate isomer was obtained by monitoring the QC carboxylate isomer yield as a function of OPO wavelength. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the band maxima of the NBD → QC PISA spectrum agrees with the absorption spectrum calculated using TD-DFT (CAM-B3LYP/6-311+G(d)level of theory) consistent with the photoisomerization quantum yield being independent of wavelength and with a barrierless access to a conical intersection on the excited state potential energy surface of the NBD carboxylate^[@ref33]^ (represented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![PISA spectrum corresponding to the QC carboxylate ion yield from the NBD carboxylate as a function of the wavelength (solid black trace) and calculated TD-DFT absorption spectrum of NBD carboxylate in vacuum (dotted orange trace). The electronic absorption spectra of QC and NBD carboxylates in methanolic solution are shown as red dot-dash and blue dashed traces, respectively.](jz0c01198_0005){#fig5}

The NBD carboxylate PISA spectrum is compared to the absorption spectra of NBD carboxylate and QC carboxylate in methanolic solution in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The absorption spectrum of the initial sample in solution, shown as dashed blue trace in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, is associated with the more stable NBD isomer. The absorption spectrum of the QC form shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} was obtained by exposing the cuvette to 315 nm light prior to the measurement. The PISA and solution absorption spectra of NBD carboxylate both exhibit a prominent peak with an onset at 350 nm and maximum at around 315 nm. However, the absorption spectrum of NBD carboxylate in solution exhibits a shoulder to higher energy that is absent from the PISA spectrum. According to the calculated electronic absorption spectrum presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01198/suppl_file/jz0c01198_si_001.pdf), the transition responsible for this shoulder originates from methanol-NBD carboxylate interactions.

The first dipole-allowed transition of the QC carboxylate is predicted to occur at 220 nm (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), outside the operating wavelength range of the OPO used. Although it was not possible to photoisomerize the QC carboxylate, energetic buffer gas collisions promoted QC → NBD isomerization, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, where the ion signal is plotted as a function of the voltage applied between the slammer electrodes and ion arrival time. The QC ions arrive at 18.05 ms, whereas the more compact NBD ions arrive at 17.85 ms. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, where the NBD and QC carboxylate ion signals are plotted as a function of slammer voltage, with increasing collision energy there is an overall loss of ions due to fragmentation but clearly also conversion of the QC carboxylate to NBD carboxylate via collisional activation with a threshold at ≈100 V. Collisions presumably provide sufficient energy to surmount the QC → NBD activation barrier calculated to be Δ*E*~activation~ = 39.6 kcal/mol (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01198/suppl_file/jz0c01198_si_001.pdf) for details). The collision induced conversion of NBD to QC, is consistent with the increase in the relative proportion of NBD compared to QC with amplitude of the RF drive voltage for the first ion funnel (IF1) (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).

![Transformation of the QC carboxylate isomer to the NBD carboxylate isomer by collisional activation with N~2~ buffer gas. (a) Ion signal as a function of slammer voltage and arrival time. The two sets of horizontal lines indicate the arrival time ranges for NBD and QC carboxylates. Note that the separation between the NBD and QC arrival times is reduced compared to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a because the NBD ions are formed from QC ions between the first and second drift regions. Arrival times for all species are less than in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} because of the high electric field in the slammer region. (b) NBD and QC carboxylate ion signal (dashed black and solid red, respectively), as a function of slammer voltage.](jz0c01198_0006){#fig6}

The current work augments early gas-phase photochemical studies of unsubstituted neutral NBD, which features an absorption spectrum with an onset at 270 nm, a shoulder at 230 nm, and several sharper bands between 226 and 199 nm.^[@ref40],[@ref41]^ Upon exposure to 253.7 nm light, unsubstituted neutral NBD decomposes to cyclopentadiene and acetylene with isomerization to toluene being a minor channel.^[@ref40],[@ref41]^ The absence of fragmentation for the NBD carboxylate system following excitation in the 315 nm region is likely due to the longer excitation wavelength, and the fact that the excited molecules are deactivated through rapid collisions with N~2~ buffer gas molecules in the drift region where the collision rate is 10^8^--10^9^ s^--1^.

To summarize, we have demonstrated reversible isomerization of an isolated NBD--QC system with NBD → QC isomerization through photoinduced \[2 + 2\] cycloaddition, and the reverse QC → NBD reaction promoted through collisional activation. The NBD → QC photoisomerization action spectrum has a maximum at 315 nm, matching the calculated vertical electronic absorption, and maximum of the absorption spectrum for NBD dissolved in methanol. Agreement between the PISA spectrum, the solution absorption spectrum, and the calculated absorption spectrum is consistent with a barrierless photoisomerizaton on the excited state potential energy surface of the NBD carboxylate. Overall, we have shown that a tandem ion mobility mass spectrometer is a suitable platform to study the isomerization of charge-tagged NBD--QC and related systems, yielding data that should serve to benchmark state-of-the-art quantum chemical calculations, and ultimately help optimize the performance of molecular solar thermal storage systems. Hopefully, this investigation will pave the way for combined studies of other substituted NBD--QC systems in the gas phase, in solution, and computationally, in order to test whether the minor effect of solvent on the absorption spectrum in the longer wavelength region is a general phenomenon, and if the TD-DFT CAM B3LYP methodology is appropriate for predicting spectra of a broader range of NBD--QC systems. In addition, it would be interesting to study the thermal QC → NBD isomerization for a range of substituted NBD--QC systems in a temperature-controlled ion trap or drift tube to explore the effect of substituents on the isomerization barrier.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01198](https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01198?goto=supporting-info).Additional material describing the calculated electronic absorption spectra, XYZ coordinates of the molecular geometries with corresponding energies, and IRC calculations, UV--vis spectra and simulations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01198/suppl_file/jz0c01198_si_001.pdf))
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